This paper examines the impact of asymmetric pulses in NRZ waveforms generated by maximum-length sequences and used in spread spectrum systems. The data asymmetry phenomenon is produced by differential propagation delays through logic circuits in the payloads. A model of three elementary pulse shapes is employed to characterize the signal source and the occurrence probabilities for each is calculated. The autoeorrelation function of the waveform is eventually obtained taking into account the asymmetry, and some numerical evaluations are finally presented to show the deviation from the theoretic case where no asymmetry is considered.
I. INTRODUCTION
The properties of PCM-NRZ waveforms have been widely discussed in the literature (e.g. [1, 2] ), as this particular waveform is often used in different transmission techniques. The phenomenon of data asymmetry is a very important characteristic of this waveform, as an asymmetric NRZ data stream may be responsible for various problems in a communication link. The cause of this phenomenon lies in the differential propagation delays through logic circuits in the payloads. The unequal rise and falling times of these logic gating circuits produce data transitions at other than the nominal time instants in the stream of 1 Te interval with given a priori and transition probabilities. The asymmetry is taken into account through the definition of those elementary signals. These models have been successfully used to quantitatively determine the degradation of the error probability performance, and therefore the SNR of various types of data detectors, due to the asymmetry [3] . They have also been used to derive the spectral density of an asymmetric NRZ data stream generated by a purely random source [4, 5] . The results observed have been used to create a model to predict the threshold levels of undesired spectral components that fall into the carrier tracking loop bandwidth of a space telemetry system [4] .
In the cases mentioned above, the source of the NRZ signal is considered to be purely random, where the signal transmitted in a given signaling interval is independent of those transmitted in previous signaling intervals, and its probability of occurrence can be calculated by using the probabilities of transmitting a positive or negative pulse. In this paper the same asymmetry models are employed to determine the autocorrelation function of a spreading waveform, denoted as c(t), which takes on values q-1 (NRZ signal) and therefore the phenomenon of chip asymmetry is also present. This waveform is used as the input to a spreading or despreading modulator and it is often generated by a maximal-length sequence, a sequence of ones and zeros, whose properties are given in the literature [6] [7] [8] . M-sequences are a special category of pseudorandom codes (PN codes) used as spreading codes in spread spectrum systems. Although they are periodic codes with a specific number of ones and zeros in each period, and therefore cannot be called random, they have a well-defined statistical distribution for the runs of ones and zeros, through which the frequency of occurrence for each of the elementary signals that form the waveform can be determined and used as "pseudo-probability" in the analysis that takes place in the paper. occur between adjacent integer multiples of the bit time T, and are therefore characterized by a T duration. As proposed in [5] , the source model can be described in terms of three elementary signals; namely:
FIGURE Unbalanced asymmetric waveform for a typical data sequence.
where A is the signal amplitude and r/= A/2. In an NRZ waveform, sl(t) occurs whenever the sequences (1,1) or (-1,1) occur, Sz(t) whenever a (1,-1) sequence occurs, and s3(t) whenever a (-1,-1) sequence occurs. An NRZ waveform corresponding to this asymmetry model is illustrated in Figure 1 . For the case of a spreading waveform we let A 1.
III. CALCULATION OF THE PROBABILITIES OF THE ELEMENTARY SIGNALS
In order to express the autocorrelation function of a spreading waveform which is created by an M-sequence, in the presence of chip asymmetry, we must first determine the probability of occurrence for each of the elementary signals defined above. To do this we use the properties of M-sequences to calculate the probabilities of occurrence of each of the sequences (1, 1), (-1, 1), (1, 1) and (-1, 1) in the spreading waveform.
Consider an M-sequence generated by a PN sequence generator of length r. The period of the M-sequence will be N 2 r-1. If we define a run as a subsequence of identical symbols (ones or zeros) within the M-sequence, and the length of the run as the length of the subsequence, then based on the properties of these sequences [6] [7] [8] We need to calculate the following probabilities:
Psl: probability of occurrence of (1, 1) sequence psz: probability of occurrence of (-1, 1) sequence P3: probability of occurrence of (1, 1) sequence p4: probability of occurrence of (-1,-1) sequence Calculation of Psi. We must first define the number of (1, 1) sequences appearing in one period of the spreading waveform, which is the same as the number of (1, 1) sequences in the M-sequence. In the (sole) run of ones of length r, there will be r-1 (1, 1) sequences. In the (sole) run of ones of length r-2, there will be r-3 (1, 1) sequences.
In the two runs of ones of length r-3, there will be 2. The number of sequences of length 2- From (1), (7) we ca,n now write (assuming A 1):
Sl(t) u(t) + v(t) s2(t) u(t) v(t) (8) s3(t) -u(t) v(t)
An appropriate representation of the spreading waveform, assuming that this is formed by an infinite number of repetitions of the same period, can therefore be: c(t) E anU(t-nTc) + E bnv(t-nTc) (9) tl----O0
The parameters (a, b) in (9) take on the following values, in accordance with the definitions in (8): (an, bn)= (1,-1) with probability p with probability p2 with probability P3 (lO)
The probabilities P,P2, and P3 refer to the probability of occurrence of each of the elementary signals s(t), s:(t) and s3(t) and are given by (6) .
As the spreading waveform is periodic the following property also applies:
(an, bn) (an+iv, bn+iv) for all the integers i. The parameter N refers to the period of the M-sequence generating the spreading waveform. In order to calculate the autocorrelation function we need to obtain the expectation of the product c(O.c(t+r) [9] : (c(t) c(t + )) (anam) u(t-nTc) u(t + r mT) The notation "total" has been used for the above expectations because these apply irrespective of the values of m and n. In the case, though, that m-n iN (with any integer), the products give specific results which must be separately taken into consideration, in accordance with the definition of the autocorrelation function of a PN sequence. For m-n iN we have an am, bn bm and the products are therefore expressed as:
( -1) with probability pl +p2 (probability of occurrence of an) with probability pa (8) This means that an of chip asymmetry, though, the autocorrelation appears to be different from the theoretical, and the disagreement increases with r/. The number of extra peaks appearing due to the asymmetry is equal to N-3.
In the case when the chip asymmetry of the waveform takes on different values at the transmitter and the receiver of a spread spectrum system, the numerical results vary according to the specific values of the parameters r/t and r/, which were previously described. Two examples of the form of the autocorrelation function are illustrated in Figure 4 , where the cases of single asymmetry (only at the transmitter) and double asymmetry (transmitter and receiver) are both presented.
VI. CONCLUSION
The impact of chip asymmetry on the autocorrelation function of an M-sequence waveform used as spreading code in spread spectrum systems has been investigated. This phenomenon is caused by a nonideal response of the logic gating circuits producing the NRZ waveform which is used as spreading code in the system. The analysis was based on a model of three elementary pulse shapes forming the spreading waveform. For this purpose, the occurrence probabilities of the elementary signals were calculated by considering the properties of M-sequences, and they were eventually combined to yield an analytical expression of the autocorrelation function where the asymmetry appears as a parameter. The numerical evaluation which followed for different values of the asymmetry showed a significant deviation from the theoretical waveform, introducing a form of interference to the spread spectrum systems using M-sequences.
